Abstract-We manufactured new high-sensitivity solid-state detectors, specifically designed for measurements in laser scanning microscopy (LSM). These single-photon avalanche diodes (SPAD's) improve the performance achievable with an LSM apparatus in the optical inspection of microelectronic devices and circuits. Innovative detector structures that incorporate an on-chip pinhole filter are presented. Experimental measurements show that SPAD's are better performing than standard photomultiplier tubes.
I. INTRODUCTION

I
N MANY research and technology fields, optical microscopy is becoming a fundamental mean of investigation for fault detection and validation of manufacturing quality. It is especially useful in the inspection of microelectronic chips.
In conventional optical techniques, the specimen's surface is homogeneously illuminated by means of an incoherent optical source. The reflected light is collected by a suitable detector, such as a charge-coupled device (CCD), photocamera or human eyes. The image of the chip visible surface allows the detection of macroscopic faults due to electrostatic discharge or electromigration and the verification of routing strategies. A major drawback of this technique is the very poor depth resolution, because rays reaching the detector's sensitive area come from large volume and include also skew rays, which are originated outside the focal plane of the object. Therefore the reconstruction of the specimen's topology will be imprecise because of the mixing of objects located at different heights.
Better results can be obtained by means of laser scanning microscopy (LSM). Section II will deal with LSM operating principle and the advantages of confocal microscopy. The innovative ultra-high sensitivity devices will be presented in Section III. In Section IV, the performance of these solid-state detectors will be compared to those of other high-sensitive detectors normally employed in LSM.
II. LASER SCANNING MICROSCOPY
In an LSM apparatus, the sample is illuminated point by point by a laser beam that is focused on the object through a proper objective as shown in Fig. 1 . We used a He-Ne laser, emitting in the red at 633 nm with an output power of about 5 mW. Depending on specimen and photodetector, it is possible to attenuate the beam intensity by using neutral density filters. The light reflected by the specimen travels back along the same optical path and is focused onto the detector. In biology, the light can also be due to spontaneous or stimulated fluorescence emission from the specimen. In order to obtain a two-dimensional (2-D) image of the sample, the laser spot must scan all the specimen surface of interest. Therefore, the laser beam passes through a scanner unit that, by means of a mirror mounted on an oscillating piezoelectric material, directs the spot all over the specimen. We used an electromechanical scanner from General Scanning, with a minimum revolving period of 0.54 s, with a spatial resolution of 512 512 pixels.
In LSM, as compared to classical optical microscopy, the presence of a single optical beam allows the exploitation of an optical technique called confocal microscopy [1] , which improves the accuracy of the information about the specimen's topology. The peculiar characteristic of this technique is the use of an adjustable mechanical aperture, namely a pinhole, located along the optical path close to the detector, as shown in Fig. 2 . Only the light reflected (or anyhow emitted) from a well-defined focal plane is properly focused into the pinhole aperture and eventually reaches the detector, thus forming the image. Therefore the pinhole allows a depth-sensitive discrimination of the specimen region to be imaged onto the detector, by suppressing the light coming from outside the actual focal plane. The result is that the specimen's image turns out to be very neat and well defined, since light from regions at different height than desired 0018-9383/00$10.00 © 2000 IEEE does not reach the detector. This is a clear advantage, especially in biology where the specimen under investigation is usually immersed into a liquid solution that cause skew rays and spurious reflections.
The dimension of the pinhole determines the volume of interest and its adjustment allows to shrink or to enlarge the depth of the focal plane to be imaged. The smaller the pinhole aperture diameter, the better the vertical spatial resolution, that is the thinner the region around the focal plane that can form an image onto the detector.
In order to set the vertical resolution, i.e., the field depth, , it is necessary to select the objectives with the proper numerical aperture,
, and magnification, , as given by (1) The lateral diameter of the pinhole image in the object plane, , is given by (2) where is the pinhole diameter. The dependence of the vertical resolution on the pinhole diameter, shown in Fig. 3 , is quite linear. Therefore, by using the right lenses and a sufficiently small pinhole diameter, it is possible to achieve a field depth down to fractions of microns. Thanks to the depth discrimination, LSM provides the possibility of visualizing structures in three dimensions, by means of an "optical slicing" of the specimen. By adjusting the vertical position of the objective in front of the specimen (Figs. 1 and 2), it is possible to set the focal plane at a given depth. Repetitive image acquisitions can be performed and stored at different heights, with the focal plane being adapted via computer control. Simple post-processing provides colored (3-D) images of the sample, as shown in Fig. 4 [2] .
CCD's have been used in LSM because of their signal integration capability [3] . Ref. [4] reports a CCD array imager adapted for acting as a spatial discriminator for suppressing the spurious noise from off-focus planes. In essence, the boundaries of the individual wells of the array are used in replacement of the pinhole.
Nevertheless, photomultiplier tubes (PMT's) are the detectors usually employed in LSM. Their photodetection efficiency is usually of a few percent. Because of their large sensitive area (some squared centimeters), they require the use of external mechanical pinholes in order to achieve images with the required vertical resolution.
In order to improve the LSM performance, we designed ultra-high sensitivity single-photon avalanche diodes (SPAD's) [5] , able to detect one single photon in the visible and near infrared wavelength range. Moreover, we designed an on-chip optical pinhole integrated with the detector. Such innovative structures are described in the following and prove to have much superior performance in LSM experimental set-ups. Fig. 5 shows a schematic view of a SPAD. The cathode is a shallow n phosphorous implantation (with cm -peak concentration and m-thickness), the anode is the epitaxial layer ( cm m-thick), and a boron p diffusion ( cm -peak concentration and m-deep junction) defines the active area, where the electric field reaches the breakdown threshold. A p diffusion and a p substrate ( cm ) have been chosen for reducing the detector series resistance.
III. PHOTODETECTORS STRUCTURES
When the device is reverse-biased above its breakdown voltage, the electron-hole pair generated by the absorption of a single photon within the active area triggers the avalanche process. [5] As the multiplication process must ideally start only when a quantum of light reaches the sensitive area of the photodiode, it is necessary to have a low intrinsic thermal generation, which causes spurious avalanche ignitions. [5] We manufactured SPAD's with a breakdown voltage of about 20 V and a dark-counting rate of few hundreds counts/s at 5 V above breakdown, for the m-devices. In order to properly work, the SPAD requires an active quenching circuit (AQC) [6] . This circuit detects the avalanche triggering, provides a synchronous output pulse and quenches the avalanche current by lowering the bias below the breakdown level. After a well-defined time interval, the AQC restores the bias voltage on the detector, thus allowing the detection of another photon. The scheme of the circuit is shown in Fig. 6 .
The comparator detects the onset of the avalanche and it causes the quenching switch to stop the current flow through the diode. The detector is kept inactive for a period of time adjustable from a few tens of ns to some s. Afterward, the reset logic opens the quenching switch and closes the reset one, thus applying again the starting bias to the SPAD. The AQC performs all these operations in 100 ns, corresponding to a detectable maximum photon flux of 10 Mcps.
The innovative idea was to use the cathode's metal, as an on-chip pinhole. As it is shown in Fig. 5 , it perfectly encircles the active area of the device thus optimizing the sensitive area for the desired pinhole diameter. In this way we can achieve at the same time the greatest vertical resolution and the lower dark-counting rate. In fact, it is advantageous to employ small diameter devices, because spurious triggering increases with the volume of the sensitive region and a reduced dark-counting rate leads to an increased dynamic range available in the measurement of the optical signal.
In order to allow an easy adjustment of the pinhole diameter, we manufactured arrays of SPAD's with different active areas, 10, 20, 50, 100, and 200 m, as shown in Fig. 7 . Each detector is individually accessible via dedicated pads, so it is possible to switch among devices according to the desired field depth. 
IV. EXPERIMENTAL RESULTS
We used the SPAD's in a conventional LSM set-up available at Carl Zeiss, Oberkochen (Germany), and we compared the quality of the images with those obtained with high-sensitive PMT's. The following images have been acquired in the same experimental conditions. In particular, in the measurement with PMT, the mechanical pinhole was adjusted to m, equal to the dimension of the SPAD's active area. With such a pinhole and the available optics, the corresponding vertical resolution is m (see Fig. 3 ). The 2-D spatial resolution obtainable with the piezoelectric scanner is 512 512 pixels. As a specimen we used a VLSI chip. The zoom was adjusted in order to acquire an image of 445 445 m , corresponding to a resolution of m/pixel. Fig. 8 shows the image obtained with the PMT, with no attenuation filter at the laser outlet. The working temperature of the PMT was 23 C and the device was biased at a voltage of 108 V. The time required for acquiring the whole image (frame time) was 4.03 s, with a corresponding measure time per each pixel of only s/pixel. When we changed the PMT with a SPAD, the light level reaching the detector was so high that it saturated, that is the counting rate reached the maximum 10 Mcps. Therefore we had to attenuate the laser power by means of a neutral density filter, with an attenuation of . Fig. 9 shows the image of the same chip detected with a m SPAD driven by the AQC module. The SPAD was biased at 33 V, i.e., 13 V above breakdown ( V), at which we measured a dark-counting rate of 770 cps. During the image acquisition, we measured a maximum counting rate of 3 Mcps, for the brightest pixels, while in the darker regions it was about 850 kcps. Therefore, in this case, the dark-counting rate does not affect the S/N ratio of the final result.
This image shows a better contrast between bright and dark regions and a sharper definition of the outlines than the one made with the PMT. Moreover, the optical power used for the SPAD was weaker by five orders of magnitude than that used for the PMT. In order to make a fair comparison between the two detectors, we made another acquisition with the PMT, at the same light level of Fig. 9 . The signal from the PMT was too faint and we had to increase the bias supply in order to increase its multiplication gain.
The result of the PMT with the strong attenuation filters at the laser outlet is shown in Fig. 10 . The PMT high-voltage supply was raised from 108 V up to 500 V. Nevertheless, the quality of the image is still poorer than that obtained with the SPAD.
We acquired other images, by using different pinhole apertures and a PMT detector. A comparison was made with the same images acquired with SPAD's having the corresponding active area diameter. Again the proposed detectors performed better than the PMT. As a final example, Fig. 11 shows two zoomed images obtained at the same operating conditions: the filter had an attenuation of and the frame time was 9.2 s corresponding to an acquisition time of s/pixel. The image on the left was obtained with the PMT biased at 870 V, while the image on the right was obtained with a SPAD at 35 V (i.e., 15 V above breakdown).
SPAD's have many advantages over conventional PMT's, that is, lower operating voltage, easy of use, ruggedness, higher photon detection efficiency in the visible and infrared range. Therefore, in a conventional LSM apparatus, the SPAD detector can be used together with an inexpensive illumination semiconductor laser, with microwatts of power, instead of the commonly used bulky He-Ne laser in the mW-range. Again, SPAD's higher sensitivity allows further reduction of the frame time, that is the acquisition throughput.
Moreover, the single-photon sensitivity of SPAD's is of key importance for those innovative applications in optical microscopy where the light coming to the detector is very weak. A typical application is LSM with improved field depth, which is achieved by using SPAD's with active area diameters of few microns and suitable optics. A further example is the measurement of faint fluorescence light emitted by the specimen under test.
In our laboratories, work is in progress for using the LSM for detecting light emissions from microelectronic devices due to hot-carriers. Such luminescence is of key importance to characterize short-channel MOS transistors, latch-up in CMOS, current crowding, etc. [7] .
V. CONCLUSIONS
We presented novel solid-state single-photon avalanche detectors with on-chip optical pinhole, for acquiring optical images in laser scanning microscopes. The reported performances are superior to those achieved using standard photomultiplier tubes, thanks to the higher photon detection efficiency. These detectors will open the way to new applications of LSM for measuring faint fluorescence and luminescence signals with improved field depth and image quality.
